Here we report the preparation of nanocrystalline silica capped yttrium silicate doped with cerium and a study on its photoluminescence (PL) properties. The preparation method presented is simple and unique and can easily be scaled up for bulk production. The material shows blue luminescence at room temperature, and it is enhanced by a few orders of magnitude upon annealing. The PL intensities of these nanocrystalline samples are much stronger than similar bulk samples. The annealing temperatures required are much less than the bulk sample formation temperatures. Such annealing related PL enhancement is attributed to the formation of the optimum nanocrystalline size required for strong luminescence from nanoparticles due to the doped rare earth ions and quantum confinement related effects. It was also suggested that nano-Y 2 SiO 5 has a relatively more intense blue emission than the nano-Y 2 Si 2 O 7 phase. This is attributed to the position of the 5d level of Ce 3+ in the energy band.
Introduction
Yttrium silicate is studied for its dielectric [1] [2] [3] properties and polymorphous nature [4] . However, it also has other equally interesting properties related to its luminescence when doped with various rare earth ions [5] [6] [7] [8] [9] [10] [11] . It is highly stable physically and chemically with respect to time and temperature as compared with other well-studied phosphor materials like ZnS, CdS etc. There are no toxic or hazardous wastes or gases involved during its preparation. Here we report about a unique yet simple preparation method for yttrium silicate doped with cerium and show that under proper heat treatments it can give a very intense blue emission. The preparation method is such that (i) when the material is initially in a sol state, it can be very easily used for coating on an inert substrate or dried into powder form and (ii) the prepared material is nanocrystalline and automatically gets capped with silica. The photoluminescence (PL) intensity from the material was comparable to doped sulfides emitting similar colours. The emission mechanism involved here has been analysed. The likely effect of the crystalline conditions of silica on the emission intensity of yttrium silicate has also been explored.
Experimental set-up
Yttrium silicate was prepared by reacting the aqueous suspension of potassium silicate with yttrium nitrate along with cerium nitrate solution at room temperature. Yttrium silicate was immediately formed as a very viscous sol. Depending on the relative silicate content in the reaction medium, in addition to yttrium silicate, silica formation may also be possible. So by controlling the relative proportion of potassium silicate in situ capping of the yttrium silicate with silica (SiO 2 ) was done. The highly viscous sol was repeatedly washed, separated by centrifugal force and finally dried. Incidentally, in this viscous condition, the material is highly suitable for coating applications. Heat treatment on the prepared nanoparticle samples was done at different temperatures, from room temperature to 850˚C, in ambient air using a programmable Heraus furnace. Bulk yttrium silicate was prepared by mixing silica with yttrium oxide powder and firing the mixture at 1270˚C. The phase formation details were confirmed using a Philips Xpert Pro Cu K α x-ray powder diffraction (XRD) system operated at 45 kV, 40 mA generator current and at data point intervals of 0.020 in the I versus 2θ scan. Transmission electron micrographs (TEMs) were made using a Philips FEI Morgagni 268D system operated at 90 KeV and at a magnification of 110 K×. It also had a digital camera for recording the images directly onto a PC. Room temperature PL measurements (emission spectra) were made using a Perkin Elmer LS55 spectrometer in the range of 350-700 nm. An excitation wavelength of 248 nm was used.
Result and discussion
The XRD results of the nanocrystalline yttrium silicate samples are shown in figure 1 . It was seen for these nanostructure samples that, before annealing, there was primarily a yttrium silicate phase with very fine particle formation as seen from the broad hump observed at around 29˚or so along with the presence of amorphous silica. However, by annealing these samples at moderate temperatures, up to 850˚C, clear formation of yttrium silicate phases has been observed. The phases of Y 2 Si 2 O 7 and Y 2 SiO 5 are detected. Annealing at these moderate temperatures also resulted in a small amount of crystalline silica formation (figure 1). The pre-annealed samples were fluffy in nature while the annealed samples were quite compact. The multiple silicate phase formation may be due to the polymorphous nature of yttrium silicate [7, 8] . The presence of a SiO 2 peak corresponding to its 26.7˚2θ value was also observed. Calculations using the Scherer's formula suggested the particulate sizes to be around 10 nm (figure 1). It may thus be said that annealing resulted in the formation of nanocrystalline yttrium silicate and a phase change of silica from amorphous to crystalline. It also resulted in compaction of the material with some grain growth. The silica however prevented further grain growth of yttrium silicate due to its encapsulating effect. The above moderate temperature annealing and its compaction effect plus a related silica phase transition have perhaps created compressive stresses on the yttrium silicate nanoparticles. During particle size calculation using XRD data, the effect of this stress and its related component has been appropriately included. Y 2 Si 2 O 7 : Ce formation may be related to the reaction of Y 2 SiO 5 : Ce with silica during the annealing process at the interface or during the final stages of the sample formation in solution when a lower concentration of the yttrium salt leads to a bit of Y 2 Si 2 O 7 : Ce formation. The particle size calculated for our prepared bulk yttrium silicate samples (graph not shown) using Scherrer's formula gave a value of a micron or so, which is evidently too large for any quantum confinement effects. Hence XRD results suggest the formation of nanocrystalline yttrium silicate. A process for producing nano-yttrium silicate at temperatures of 850˚C, much lower than that required for producing the corresponding bulk material (1270˚C), is thus established. Figure 2 is a representative TEM picture showing a group of agglomerated yttrium silicate particles (magnification:110 K×). The darker black spots are possibly the yttrium silicate molecules as they have a higher atomic number, while the lighter outer part is the silica as they have a lower atomic number. The XRD and TEM thus establish the nanoparticle formation and silica capping of yttrium silicate particles. We shall now analyse the luminescence properties of these nanocrystalline yttrium silicate phases.
The PL spectrum of cerium doped yttrium silicate samples annealed at different temperatures are shown in figure 3 . It is seen that with increased annealing temperatures the PL peak intensity increased slowly (table 1). The PL peak of samples annealed at 850˚C became very intense, centred at ∼420 nm. The observed PL may be attributed to the 5d → 4f transition of Ce 3+ . The electronic configuration of Ce 3+ is 4f 1 with its 5d and 6s electrons outside, shielding the inner 4f electrons. Since there is a single unpaired electron here, a transition to this Ce 4f level is more sensitive to the host lattice. The 5d excited level on the outer shell is affected by the crystal field. It is different in host materials with different crystal structures. Since we have more than one host lattice here due to the polymorphous nature of yttrium silicate, both hosts are expected to contribute to the observed PL spectra. The ground state level of Ce 3+ has a doublet character due to splitting, ( 2 F 5/2 and 2 F 7/2 ), leading to two possible transitions for each phase of the two silicates. This leads to four possible luminescence transitions. Obtained PL spectra are seen to be asymmetric (figure 3) with an elongated tail stretching up to 700 nm in some cases. This suggests the presence of more than one emission centre, which can be confirmed by Gaussian fitting. Reported PL results [7] that its PL peak at around ∼650 nm is relatively much stronger in intensity with respect to its other peak at around ∼420 nm. Our observations, as well as other reports [8] , are to the contrary. We observe the main PL peak at around 420 nm and a tail at 640 nm. This anomaly may be because the relative amount of the two silicate phases in our sample is different as per the XRD shown in figure 1 . It is postulated that in Y 2 SiO 5 : Ce transitions from the 2 F 5/2 level are preferred (related to 420 nm), while in Y 2 Si 2 O 7 : Ce transitions from the 2 F 7/2 level are more likely, which is related to 650 nm due to their respective crystalline structures and related amounts of crystal field splitting effects. This leads to the observed overall PL peak profile (figure 3). Low annealing temperatures produced more Y 2 Si 2 O 7 , while moderate annealing temperatures and longer annealing times produced more Y 2 SiO 5 .
We now analyse the likely role of crystalline silica in this PL enhancement observed. Annealing converts amorphous SiO 2 to crystalline SiO 2 and makes the material more compact. So there may be a bit of lattice stress after annealing and its effect may be present in the crystal field related splitting. As seen in figure 2, silica nicely caps the spherical silicate nanoparticles. In its own small dimension, the silicate size may not be enough to produce sufficient crystal field splitting required for the cerium Ce 3+ levels to be luminescently active. However, after annealing (850˚C) due to the presence of crystalline silica, the effective granule size (10 nm and larger) becomes large enough to create the necessary crystal field required. The amorphous silica could not create this crystal field necessary for the cerium energy level splitting and this resulted in lower PL intensities before annealing. In addition to this, the other possibility is that due to dissimilar crystalline structure of the silicate and crystalline silica the resulting stress created the slight change in the energy band structure needed for a more favourable/efficient luminescent transition. The better surface area to volume ratio contributes to a stronger PL as well. The silicate particles that are not capped may not produce such luminescence and may contribute to a nonradiative loss component. Similar bulk yttrium silicate samples were seen to give a much weaker PL, though the profile remained similar to other samples (figure 3).
We shall now try to give an explanation for the enhanced PL of the silicate nanostructure observed with respect to its bulk component and its broad nature. A comparison with similar cerium doped crystalline systems and their observed PL indicates that a more efficient luminescent transition occurs when the electron radiative transition is between Ce 5d → 4f [12] . If the Ce 5d levels are located below the conduction band (CB) such transitions are more favoured, leading to more efficient PL. If the 5d level is above the CB, the excited electrons relax to the bottom of the CB and so recombine non radiatively to 4f levels-thereby this sort of transition leads to quenched PL [12] . It may be said that compared with bulk yttrium silicate samples, the nanocrystalline cerium doped yttrium silicate samples showed a stronger PL intensity profile because in nanocrystalline capped samples, due to quantum confinement and related bandgap shifts, the 5d levels were below the CB leading to better PL, while in the bulk samples the 5d level may be just above the CB leading to a less efficient PL transition. Figure 4 shows a suggested energy diagram of cerium doped yttrium silicate nanoparticles for efficient PL. The XRD results have shown the presence of two crystalline phases of yttrium silicate (figure 1). Each phase contributes to two luminescent transitions, each due to Ce 3+ , assuming that in the respective crystal structures the crystal field is able to split the 2 F levels and the transitions are not forbidden. So in total four luminescent transitions are seen, which implies a broad PL spectra as observed. However, the observed PL is confined to the core of nano-yttrium silicate only, aided by the silica capping, which creates the necessary nanocrystalline nature and size required for an effective crystal field. The strong intensity profile may also be to an extent quantum confinement dependent. Often, recombination through surface states may be an important de-excitation mechanism. The silica capping ensured passivation of surface states, thus avoiding the possibility of leading to a non-radiative path contributing to lower luminescence efficiency. The heat treatment used ensured crystallization preceded with the removal of internal moisture etc that increased luminescence from the yttrium silicate core.
Conclusion
A preparation method for nanocrystalline yttrium silicate is presented which is simple and unique and may be easily scaled up for bulk production. The material showed room temperature luminescence centred at ∼420 nm. The PL is enhanced by a few orders of magnitude on heat treatment. The PL intensities are much stronger compared with that of similar bulk samples. The annealing process and related PL enhancement is attributed to the formation of an optimum nanocrystalline size and quantum confinement. Crystal field splitting of Ce 3+ levels leads to different possible PL transitions here. It is also suggested that cerium doped nanocrystalline Y 2 SiO 5 has a stronger blue PL component than similar nanocrystalline Y 2 Si 2 O 7 . This effectively resulted in a broader PL spectrum. The observed high efficiency of PL emission on nanoparticle formation may be related to the position of the 5d levels in the energy band diagram.
